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ABSTRACT

Bio-degradable poly (l-lactic acid) (PLLA) scaffolds were prepared by using thermally
induced phase separation (TIPS) method. A solution of PLLA-Dioxane was formed by
dissolving PLLA in dehydrated 1,4-Dioxane at three wt/vol percentages, specifically 3, 7 and
10%. This PLLA-Dioxane solution was then frozen in borosilicate glass vials (5mL) at three
cooling rates (1, 10 and 40 ˚C/min) in a commercially available controlled rate freezer (CRF).
The frozen solution was freeze-dried to sublimate the Dioxane. The microstructural properties of
the resulting PLLA scaffolds were determined utilizing Scanning Electron Microscopy (SEM)
images and uni- axial compressive testing. The relationship between the wt/vol ratio of PLLA
and Dioxane and the imposed cooling rates on the structural properties of PLLA scaffolds was
determined. This same procedure was then repeated using a mixture of Dioxane and Ethanol.
The volume of the mixture constituted 15% of Ethanol and 85% Dioxane.

viii

1. INTRODUCTION
1.1 Scaffold Engineering
Scaffolds represent an important component of tissue engineering over the past two
decades. Scaffolds, typically made of polymeric biomaterials, provide a structural support for
cell attachment and subsequent tissue development. Scaffolds can be made in a variety of ways
and often a tissue specific approach is being used for the selection of a particular scaffold [1].
The properties we seek in a scaffold are its bio-compatibility, microstructure, pore-size, porosity
and the mechanical properties.
1.2 Need
In United States alone a quarter of the patients in need for organ transplant die while
waiting for a suitable donor [2, 3]. A potential alternative is whole organ transplantation for
failing or malfunctioning organs is to grow those cells cultivated from adult stem cells [4-6].
Here the benefit lies within the fact that we do not need an entire organ from a donor and the
required cells or tissues can be cultured from the stem cell. A way of harvesting the Adult Stem
Cell (ASC) is from human fat tissue. The stem cells harvested can be grown on to a scaffold and
this scaffold can be used to replace/regenerate the damaged tissue/organ. Thus, the choice of
scaffold is integral to the success of the tissue engineered product [7].
1.3 Existing Scaffolding Materials
Several methods have been developed by the researchers for the preparation of
Scaffolds. All of them have their own advantages and disadvantages. They are discussed in brief
below.
1

1.3.1 Ceramics
Synthesizing scaffolds from ceramics like Hydroxyapatite and Tricalcium phosphate has
been used widely in bone tissue engineering. The benefit being that, these ceramics resemble the
natural inorganic component of the bone and have osteoconductive properties [8]. Human bone
has a Hydroxyapatite composition of 70%, dry weight. Hence these scaffolds were biologically
compatible too. The major issue with scaffolds using ceramics is that they are inherently brittle
and cannot match the mechanical properties of the bone [9].
1.3.2 Natural Polymers
Naturally derived protein or carbohydrate polymers have been used as scaffolds for the
growth of several tissue types. By far the most popular natural polymer used for tissue
engineering scaffolds is collagen and Poly (L-Lactic acid) [8, 9].
1.4 Scaffolding Techniques
Several techniques have been implemented to make porous structures from the scaffold
material. The different techniques being used are discussed here below
1.4.1 Solvent-casting Particulate-leaching
In this process, salt particles of a particular diameter are added to a solution of PLLA and
Chloroform. This forms a solution from which the solvent is allowed to evaporate and a polymer
matrix with salt particles embedded in it is left behind. This composite is immersed in water so
that the salt is leached out. Once the salt is leached out a porous structure is left behind and the
pore size depends on the diameter of the salt particle [9, 10].
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1.4.2 Gas Foaming
Gas foaming is used to make scaffold from Bio-degradable polymers such as PLGA
(Poly (lactic-co-glycolic acid).) The polymer is saturated with Carbon dioxide (CO2) at high
pressures. This is followed by bringing the CO2 pressure back to atmospheric level. As a result
the nucleation and growth of gas bubbles ranging in size of 100-500µm is formed in the polymer.
Gas foaming is one of the most popular techniques used for Bio-degradable polymers [9, 11].
1.4.3 Fiber Meshes/Fiber Bonding
Fibers have been used to produce non-woven scaffolds from PLGA and PLLA. Scaffolds
produced using this technique had a lack of structural stability and often undergo serious
physical deformation from the contractile forces of the cells seeded in the scaffolds. This
problem led way to fiber bonding technique. Fiber bonding technique involves dissolving PLLA
in methylene chloride and casting over the PGA mesh. The solvent is now allowed to evaporate
and construct is heated above the melting point of PGA. Now the construct is dissolved in
methylene chloride again to get a mesh of PGA fibers joined at cross points [9, 12].
1.4.4 Melt Molding
Melt molding involves the heating of Teflon mold with a PLGA powder and gelatin
microspheres. This mold is heated above the glass transition temperature and pressure is applied
to the mixture. This results in binding of PLGA particles. This is followed by the removing the
mold and leeching the gelatin component and immersing in water. The wet scaffold is now let to
dry. The resulting scaffold will have the shape of the mold. This scaffolding technique is usually
implement while making scaffold with Hydroxyapatite as a uniform distribution of
Hydroxyapatite fibers is achieved using this technique [9, 13].
3

1.4.5 Emulsion Freeze Drying
This involves adding pure water to a solution of methylene chloride and PGA. This forms
an emulsion, which is then frozen in liquid nitrogen and freeze-dried to produce a porous
scaffold [9, 14].
1.4.6 Solution Casting
Solution casting involves dissolving PLGA in chloroform, which is then precipitated by
the addition of methanol which is followed by addition of demineralized freeze-dried bone. This
composite is then pressed into a mold and heated for form a porous scaffold [9, 15].
1.4.7 Thermally Induced Phase Separation (TIPS)
This technique involves dissolving a scaffold material like PLLA in a solvent like 1,4Dioxane. This solution is cooled down to a lower temperature at a pre-determined cooling rate.
The solute nucleates and crystals are formed in the PLLA. This solution is then lyophilized long
enough for the solvent to evaporate completely. This leaves behind a porous scaffold.
1.5 Applications
Scaffolds have versatile applications in tissue engineering due to their unique properties.
Some of them are discussed below
1.5.1 Drug Delivery Systems
Injectable scaffolds are widely researched in the fields of drug delivery and tissue
engineering. The scaffolds which are used as drug delivery vehicles can be used for both
parenteral drug delivery or localized injection into the affected site. The drug release kinetics can
4

be controlled which enables to release the drugs at a controlled rate. This application helps to
avoid the surgical procedures which otherwise would have been necessary. Long term drug
delivery is also possible by controlling the drug release kinetics, thereby avoiding the need for
repeated doctor visits [16, 17].
Another advantage of drug delivery systems using scaffolds is that the injectable
biomaterials can take the shape of a tissue defect thereby avoiding the need for tissue fabrication
specific to each patient [16].
The polymers usually used to make scaffolds for drug delivery systems include natural
polymers such as Alginate, Proteins, Collagens, Gelatin, Fibrins, and Albumin, or synthetic
polymers such as Polyvinyl alcohol and Polyglycolide [18].
1.5.2 Bone and Cartilage Generation
Bone and cartilage regeneration by autogenous cell or tissue transplantation is one of the
most promising techniques in biomedical engineering [19].
The process involves fabrication of a bioresorbable, porous 3-D scaffold into which the
osteoblasts/chondrocytes are seeded in. This is done in a static culture. A premature tissue in
then allowed to grow in the scaffold. The scaffold is then surgically implanted in to the location
where the bone or cartilage generation is required. Among the biodegradable polymers the most
commonly used in bone tissue engineering are PGA, PLLA and their copolymers Poly(lactic
acid-co-glycolic acid), Poly( -caprolactone), and poly(hydroxyl butyrate) [20, 21].

5

1.5.3 Artificial Skin for Ulcers and Burns
One promising application of the scaffolding is the ability to regenerate artificial skin.
Here we place a scaffold in close vicinity of the damaged skin. The scaffold will have collagen
similar to that in human skin and the bottom of the scaffold will be coated with a sugar molecule
called glycosaminoglycan. Glycosaminoglycan mimics the properties of lower surface of the
dermis and ‘tricks’ the human fibroblasts to develop human collagen on it. As more collagen is
produced the connective tissue gets built up onto the scaffold and new skin is this formed. The
scaffold later disintegrates away leaving behind fresh skin [22].
This technique becomes extremely useful in cases of severe burn where 80-90% of the
skin gets damaged [22].
Gelatin is the commonly used polymer material for making scaffolds for regenerating
skin [23].
1.5.4 DNA/Protein Delivery
Another application of scaffolds is delivering DNA/Protein to a local tissue environment.
This manipulates their growth factors at the location they are released, thereby regulating various
cellular processes like migration, proliferation and apoptosis [24]. This method has been used for
the treatment of type1 Diabetes[25].
The process involves fabrication of a suitable scaffold and absorbing the DNA/ Proteins
in it. The rate of release of the at the location can be controlled
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The most common method for making scaffold for this purpose is by electro spinning.
The common polymers used are PLGA and Poly(D,L-lactide)-poly(ethylene glycol) (PLA-PEG)
block copolymer[24].
1.5.5 Neuro-Regeneration
Nerve regeneration is a complex biological phenomenon. Neural tissue engineering
promises a great solution for issues such as aging, disease and injury to the nervous tissue [26].
The process involves making of scaffolds and load them with cells capable to stimulate
nervous system repair. This is achieved by exploiting the axon-mediated axon regenerations [27].
The scaffold materials used for this process include biodegradable Polyurethane based on
Hexamethylene diisocyanate, Poly(epsilon-caprolactone) and Dianhydro-D-sorbitol [28].
1.6 Desirable properties in a Scaffold
An ideal scaffold to be used in tissue engineering should exhibit a number of desired
characteristics. A few of them are discussed here below
1.6.1 Bio-Functionality
For a scaffold to be used in tissue engineering it should be biocompatible and
biodegradable. [29] Biocompatibility is an important factor as the scaffolds should perform with
appropriate host response in a specific situation. Also, it should in no way react in a negative
way with the host tissues.
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1.6.2 Ease of Manufacture
Another desirable property of the scaffold is its ease of manufacturing. The scaffold
materials should be able to manufactured easily and also be amenable for large scale production.
[29]
1.6.3 Mechanical Properties
The scaffolds should possess adequate mechanical properties to be used in tissue
engineering applications. The significant properties include appropriate stiffness, compression
modulus and elasticity. These optimum value of these properties depend on which application
the scaffold is used. [29]
1.6.4 Physical properties
The scaffolds should exhibit desired degeneration rate, release kinetics, surface
area/volume ratio, affinity for the delivery agent and an apt diffusion rate. [29]
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2. MATERIALS AND METHODS
The scaffolds were prepared by the process of Thermally Induced Phase separation
(TIPS) of PLLA and a solvent. The solvent used were Dioxane and a mixture of Dioxane and
Ethanol. PLLA (mol. wt. 100,000; density 1.2 g/cc) was obtained from SurModics
Pharmaceuticals (Birmingham, AL) with trade name 100 L 7A.
2.1 Preparation of the Solution
The solution is prepared by dissolving a pre-determined % weight of PLLA in the
solvent. The % weight was determined based on the solubility of PLLA in the solvent. The
mixture is heated to 353K and stirred using a magnetic stirrer till a clear solution is obtained.
This solution was then transferred to cylindrical glass vials of 13mm inside diameter. Each vial
was filled with a constant volume of 5mL and stored in room temperature
2.2 Freezing the solution using Control Rate Freezer
The vials containing the PLLA-Dioxane/Ethanol solution were frozen using a
programmable control rate-freezing (CRF) machine (Planer Series Kryo 560-16, TS Scientific,
Perkasie, PA). The CRF was precooled to 20oC held at that temperature for one minute to
equilibrate. The vials were then mounted on a stand was loaded in the CRF. The vials were
cooled down to 10oC at a rate of 10oC/ min. The phase change temperature of Dioxane is 10oC
and hence and the temperature is held at 10oCfor one minute to allow the Dioxane to nucleate.
While using mixture of Dioxane and Ethanol the temperature was held further at -8oC for the
Ethanol to nucleate. The vials were then cooled at a predetermined rate of 1, 10 and 40oC/min to
-60oCin different set of experiments.
9

The CRF machine we used was limited to a controlled thawing/warming rate of 40
°C/min, hence, the choice of 40 °C/min as the highest imposed cooling rate in our experimental
matrix. The accuracy of the CRF was further verified by measuring the temperature in the vials,
using type-T hypodermic needle thermocouples (Omega Technologies, Stamford, CT, USA).
Thermocouple voltages were read by a precision temperature data logger (Veriteq Instruments
Inc, Richmond, BC, Canada) and transferred to a personal computer for further reduction and
data analysis. The cooling rates imposed by the CRF was within 5% for cooling rates of ≤ 10
°C/min and within 10% for the highest cooling rates of 40 °C/min.
2.3 Freeze Drying
After the freezing, we have a frozen solution constituting of PLLA and the solvent. Next
step is to remove the solvent so that we get a porous scaffold containing the PLLA alone.This
was achieved by transferring the frozen solution to a Labconco Fast-Freeze Flask. The FastFreeze Flask was connected to the FreeZone Plus 2.5 Liter Cascade Console Freeze Dryer
(Labconco Corporation Kansas City, Missouri, USA) for 48 hours. At the end of 48 hours the
solvent will have sublimated completely leaving behind the manufactured PLLA scaffold
This technique does not require the use of a solid porogen like SCPL. First, a synthetic
polymer is dissolved into a suitable solvent (e.g. Polylactic acid in dichloromethane) then water
is added to the polymeric solution and the two liquids are mixed in order to obtain an emulsion.
Before the two phases can separate, the emulsion is cast into a mold and quickly frozen by means
of immersion into liquid nitrogen. The frozen emulsion is subsequently freeze-dried to remove
the dispersed water and the solvent, thus leaving a solidified, porous polymeric structure.

10

A

B
Fig2.1 Apparatus used in the experiment. A is the hot plate stirrer. B is the Electronic Measuring
Scale C is the Control Rate Freezer
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C
Fig 2.1 Continued
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3. CHARACTERIZATION OF SCAFFOLDS
The next step was to relate the processing conditions and parameters of the scaffold to its
physical parameters. This was done by relating the porosity, pore size and compressive strength
of the scaffold to the processing conditions (namely, PLLA composition and cooling rate).
3.1 Porosity
Porosity is a measure of the void fraction of the scaffold. The porosity of the scaffold can
be calculated by weighing a known volume of the scaffold. The formula used for calculating the
porosity is the following:
{

(

)}

(3.1)

3.2 Pore Size Measurement Using Scanning Electron Microscopy (SEM)
The next method was to measure the pore size in the scaffolds. This was done using
Scanning Electron Microscopy(SEM).
The surfaces of the scaffolds to be viewed were coated with Platinum (~15nm thickness)
using EMXS550X Sputter Coater (Electron Microscopy Sciences, Hatfield, PA, USA). A
Scanning Electron Microscope (JEOL, JSM-6610LV, Peabody, MA, USA) was then used to
scan the samples and capture the images. Random pores were selected and measured from each
SEM image and the variance in the pore sizes within each scaffold and among different controls
was, thus, obtained. The SEM study was done in the Socolofsky Microscopy Center under the
department of Biological Science.
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3.3 Compressive Strength
An advanced mechanical testing systems compression tester (INSTRON 5900 Series,
Instron Industrial Products, PA, USA) was used to compress scaffolds of ~12mm in diameter and
~10mm in height. The samples were loaded on the center of the compression anvil and the two
jaws were carefully brought in contact with the top and bottom of the scaffold. The compression
machine was programmed to compress the scaffolds to 20% of its original height, while
recording the instantaneous load applied and the compressive strain experienced by the scaffold.
From the measured instantaneous load at each time point, the compressive stress was calculated.
Note that the cross sectional area of the scaffold is assumed to be constant during the
compression test and that the applied force is normal to the scaffold cross section. The
Compressive Young’s Moduli (E) was calculated as follows:
(

⁄

14

)

(3.2)

4. RESULTS AND DISCUSSIONS
The scaffolds made are ~12mm in diameter which corresponds to the internal diameter of
the glass vials used to make the PLLA-Dioxane solution. The bottom 10mm of the scaffold was
considered for analysis. This bottom 10 mm was sectioned in two halves of 5mm each and we
now have two sections of 5mm each. The half close to the base of the scaffold was called the
‘bottom half’ and the one on top was called the ‘top half’. The SEM images for cross section(CS)
and vertical section(VS) were taken.
The other results are the porosity and compressive strength which were obtained as
mentioned in Chapter 3.
4.1 Results for Scaffolds from PLLA-Dioxane
The porosity, pore size and compressive strength were measured for scaffold made from
the PLLA-Dioxane solution. The results are for 3,7 and10 wt/vol % of PLLA each frozen at a
rate of 1, 10 and 40oC/min
4.1.1 Pore Size
Upon observing the pore sizes it was noted the difference between the pore sizes in the
bottom and top sections are minimal
As a general trend, it was observed that for a particular cooling rate, the pore size
increases nominally with the PLLA wt/vol %. The pore sizes varied between 40µm to 175µm for
samples cooled at 1oc/min, 45µm to 130µm for samples cooled at 10oc/min and 30µm to 175µm
for samples cooled at 40oc/min.
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Fig 4.1 SEM of 3% wt/vol PLLA-Dioxane Scaffolds made at 1oC/min

Fig 4.2 SEM of 3% wt/vol PLLA-Dioxane Scaffolds made at 10oC/min
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Fig 4.3 SEM of 3% wt/vol PLLA-Dioxane Scaffolds made at 40oC/min

Fig 4.4 SEM of 7% wt/vol PLLA-Dioxane Scaffolds made at 1oC/min
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Fig 4.5 SEM of 7% wt/vol PLLA-Dioxane Scaffolds made at 10oC/min

Fig 4.6 SEM of 7% wt/vol PLLA-Dioxane Scaffolds made at 40oC/min
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Fig 4.7 SEM of 10% wt/vol PLLA-Dioxane Scaffolds made at 1oC/min

Fig 4.8 SEM of 10% wt/vol PLLA-Dioxane Scaffolds made at 10oC/min
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Fig 4.9 SEM of 10% wt/vol PLLA-Dioxane Scaffolds made at 40oC/min

Fig 4.10 The measured pore diameter (y-axis) as a function of cooling rate (x-axis)
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Fig 4.10 shows the experimentally measured pore diameter and the standard deviation in
the data among the scaffolds. The open, filled and hatched vertical bars represent the 3,7 and 10
wt/vol% of PLLA in Dioxane, respectively. The error bars represent the standard deviations in
the pore diameter values.
The average pore diameter decreases significantly when cooling rate is increased from 1
to 10 °C/min in scaffolds with 3 wt/vol percentage of PLLA in Dioxane and it increases when
the cooling rate is increased further from 10 to 40 °C/min. Thus, the relationship between the
measured pore diameter and the imposed cooling rate for 3 wt/vol percentage PLLA in Dioxane
scaffolds resembles an “inverted U” curve. Interestingly, for scaffolds with 7 and 10 wt/vol
percentage of PLLA in Dioxane the pore diameter is found to be reasonably invariant.
4.1.2 Porosity
Fig 4.8 represents the calculated percentage of porosities in the scaffolds. It was found
that the variation of porosities within a sample is minimal and hence the value was reported as
one value of porosity for each scaffold.
In Fig 4.11, the three curves from top to bottom represents the porosity (void fraction) 3,
7 and 10 wt/vol % of PLLA in Dioxane, respectively. The standard deviations (~0.3%) are too
small to be seen in the figure.
This trend of variation is similar in both cases where Dioxane and mixture of Dioxane
and Ethanol is used. The standard deviations are marked in the graphs for all different cases
which corresponds to different runs of the experiment.

21

100

3% (wt/v)

% Porosity

95

7% (wt/v)

90

10% (wt/v)

85

0

5

10

15

20

25

30

35

40

Cooling rate -(°C/min)

Fig 4.11 The measured % of Porosity (y-axis) as a function of cooling rate (x-axis)

The data in Fig. 4.11 suggests that although the percentage of porosity in all the samples
is within a very tight range between 89 to 96%, there are several differences between the nine
different scaffolds. For example, the percentage of void fraction in the scaffolds decreases as the
(wt/vol) percentage of PLLA in Dioxane is increased, irrespective of the imposed cooling rate. It
is also interesting to note that the percentage of void fraction increased when the cooling rate was
increased from 1 to 10 °C/min for scaffolds with 10 (wt/vol) percentage of PLLA in Dioxane.
Lowering the (wt/vol) percentage of PLLA seems to result in scaffolds with percentage of void
22

fraction that is independent of the imposed cooling rate (note the negligible difference in the
percentage of void fraction in scaffolds obtained with 3 % of PLLA in Dioxane between the
three cooling rates). For scaffolds obtained with 7 and 10% PLLA in Dioxane, increasing the
cooling rate from 10 to 40 °C/min results in a decrease in the percentage of porosity in the
scaffolds. And finally, the difference in the percentage of porosity obtained at 40 °C/min
between scaffolds with 7 and 10% PLLA in Dioxane is not statistically significant (and that these
values are significantly lower than that obtained with 3% PLLA in Dioxane frozen at the
corresponding cooling rate of 40 °C/min).
4.1.3 Compressive Modulus (E)
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Fig 4.12 The measured compressive stress (y-axis) vs the imposed compressive strain (x-axis)
curves for 3 wt/vol percentage of PLLA in Dioxane
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4.13 The measured compressive stress (y-axis) vs the imposed compressive strain (x-axis) curves
for 7 wt/vol percentage of PLLA in Dioxane
Fig.12, Fig 4.13 and Fig 4.14 shows the experimentally measured compressive stress vs
compressive strain curves for 3, 7 and 10 wt/vol percentage of PLLA in Dioxane scaffolds
cooled at 1, 10 and 40 °C/min. It can be observed that the compressive stress of the scaffold
increases with the increasing amount of PLLA in the scaffolds
It can be seen that the trend of variation is similar in both cases where Dioxane and
mixture of Dioxane and Ethanol is used as the solvent. The standard deviation is shown by the
error bars in the figures
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Fig 4.14 The measured compressive stress (y-axis) vs the imposed compressive strain (x-axis)
curves for 10 wt/vol percentage of PLLA in Dioxane

As shown in Fig 4.15, the Compressive Moduli increases as the cooling rate is increased
irrespective of the percentage of PLLA in Dioxane. Additionally, the data shown in Fig. 6
suggests a linear relationship between the calculated Compressive Moduli values and the
imposed cooling rates (with the relationship being more obvious in scaffolds with lower wt/vol
percentage of PLLA in Dioxane).
It can be seen that the trend of variation is similar in both cases where Dioxane and
mixture of Dioxane and Ethanol is used as the solvent. The standard deviation is shown by the
error bars in the figures
A desirable compressive moduli is one which is similar to the biological environment
where the scaffold is used
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Fig 4.15 The calculated Compressive Moduli (y-axis) as a function of cooling rate (x-axis). The
top curve represents the 10 wt/vol percent of PLLA in Dioxane while the botom curve represents
the curve corresponding to 3 wt/vol percent of PLLA in Dioxane.

4.2 Results for Scaffolds from PLLA-Dioxane/Ethanol
The porosity, pore size and compressive strength were measured for scaffold made from
the PLLA-Dioxane/Ethanol solution. The Dioxane/Ethanol solution constituted of 15% Ethanol
and 85% Dioxane. The results are for 3,7 and10 wt/vol % of PLLA each frozen at a rate of 1, 10
and 40oC/min
4.2.1 Pore Size
Upon observing the pore sizes it was noted the difference between the pore sizes in the
bottom and top sections are minimal
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Fig 4.16 SEM of 3% wt/vol PLLA-Dioxane/Ethanol Scaffolds made at 1oC/min

A
Fig 4.17 SEM of 3% wt/vol PLLA-Dioxane/Ethanol Scaffolds made at 10oC/min. A is an image
from one sample. B is an image from a different sample
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B
Fig 4.17 Continued

Fig 4.18 SEM of 3% wt/vol PLLA-Dioxane/Ethanol Scaffolds made at 10oC/min
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Fig 4.19 SEM of 7% wt/vol PLLA-Dioxane/Ethanol Scaffolds made at 1oC/min

Fig 4.20 SEM of 7% wt/vol PLLA-Dioxane/Ethanol Scaffolds made at 10oC/min
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Fig 4.21 SEM of 7% wt/vol PLLA-Dioxane/Ethanol Scaffolds made at 40oC/min

Fig 4.22 SEM of 10% wt/vol PLLA-Dioxane/Ethanol Scaffolds made at 1oC/min
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Fig 4.23 SEM of 10% wt/vol PLLA-Dioxane/Ethanol Scaffolds made at 10oC/min

Fig 4.24 SEM of 10% wt/vol PLLA-Dioxane/Ethanol Scaffolds made at 40oC/min
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Fig 4.25 The measured pore diameter (y-axis) as a function of cooling rate (x-axis)
Fig 4.25 shows the experimentally measured pore diameter and the standard deviation in
the data among the scaffolds. The open, filled and hatched vertical bars represent the 3,7 and 10
wt/vol% of PLLA in Dioxane, respectively. The error bars represent the standard deviations in
the pore diameter values.
The average pore diameter decreases significantly when cooling rate is increased from 1
to 10 °C/min in scaffolds with 3 wt/vol percentage of PLLA in Dioxane and it increases when
the cooling rate is increased further from 10 to 40 °C/min. Thus, the relationship between the
measured pore diameter and the imposed cooling rate for 3 wt/vol percentage PLLA in Dioxane
scaffolds resembles an “inverted U” curve. Interestingly, for scaffolds with 7 and 10 wt/vol
percentage of PLLA in Dioxane the pore diameter is found to be reasonably invariant.

32

4.2.2 Porosity
Fig 4.26 represents the calculated percentage of porosities in the scaffolds. It was found
that the variation of porosities within a sample is minimal and hence the value was reported as
one value of porosity for each scaffold.
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Fig 4.26 The measured % of Porosity (y-axis) as a function of cooling rate (x-axis)
In Fig 4.26, the three curves from top to bottom represents the porosity (void fraction) 3,
7 and 10 wt/vol % of PLLA in Dioxane, respectively. The standard deviations (~0.3%) are too
small to be seen in the figure.
The data in Fig. 4.26 suggests that although the percentage of porosity in all the samples
is within a very tight range between 92.4 to 98.21 %, there are several differences between the
four different scaffolds. For example, the percentage of void fraction in the scaffolds decreases
as the (wt/vol) percentage of PLLA in Dioxane is increased, irrespective of the imposed cooling
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rate. It is also interesting to note that the percentage of void fraction increased when the cooling
rate was increased from 1 to 10 °C/min for scaffolds with 10 (wt/vol) percentage of PLLA in
Dioxane. Lowering the (wt/vol) percentage of PLLA seems to result in scaffolds with percentage
of void fraction that is independent of the imposed cooling rate (note the negligible difference in
the percentage of void fraction in scaffolds obtained with 3 % of PLLA in Dioxane between the
three cooling rates). For scaffolds obtained with 7 and 10% PLLA in Dioxane, increasing the
cooling rate from 10 to 40 °C/min results in a decrease in the percentage of porosity in the
scaffolds. And finally, the difference in the percentage of porosity obtained at 40 °C/min
between scaffolds with 7 and 10% PLLA in Dioxane is not statistically significant (and that these
values are significantly lower than that obtained with 3% PLLA in Dioxane frozen at the
corresponding cooling rate of 40 °C/min).
It can be seen that the trend of variation is similar in both cases where Dioxane and
mixture of Dioxane and Ethanol is used as the solvent. The standard deviation is shown by the
error bars in the figures
All the mechanical properties of the scaffold should be similar to that of the biological
enivironment that is is going to be implanted. This way we can make sure that the scaffold will
be able to withstand the same mechanical and thermal stresses that it may be subjected to when it
is implanted.
In the various figures listed the data obtained had deviations and those deviations are
taken into account and a mean value has been used. The deviations are marked using error bars
in all the figures

34

4.2.3 Compressive Modulus (E)
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Fig 4.27 The measured compressive stress (y-axis) vs the imposed compressive strain (x-axis)
curves for 3 wt/vol percentage of PLLA in Dioxane/Ethanol
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Fig 4.28 The measured compressive stress (y-axis) vs the imposed compressive strain (x-axis)
curves for 7 wt/vol percentage of PLLA in Dioxane/Ethanol
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Fig 4.29 The measured compressive stress (y-axis) vs the imposed compressive strain (x-axis)
curves for 10 wt/vol percentage of PLLA in Dioxane/Ethanol

Fig.26, Fig 4.27 and Fig 4.28 shows the experimentally measured compressive stress vs
compressive strain curves for 3, 7 and 10 wt/vol percentage of PLLA in Dioxane/Ethanol
scaffolds cooled at 1, 10 and 40 °C/min. It can be observed that the compressive stress of the
scaffold increases with the increasing amount of PLLA in the scaffolds
It can be seen that the trend of variation is similar in both cases where Dioxane and
mixture of Dioxane and Ethanol is used as the solvent. The standard deviation is shown by the
error bars in the figures
A desirable compressive moduli is one which is similar to the biological environment
where the scaffold is used
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Fig 4.30 The calculated Compressive Moduli (y-axis) as a function of cooling rate (x-axis). The
top curve represents the 10 wt/vol percent of PLLA in Dioxane while the botom curve represents
the curve corresponding to 3 wt/vol percent of PLLA in Dioxane.

As shown in Fig 4.29, the Compressive Moduli increases as the cooling rate is increased
irrespective of the percentage of PLLA in Dioxane. Additionally, the data shown in Fig. 6
suggests a linear relationship between the calculated Compressive Moduli values and the
imposed cooling rates (with the relationship being more obvious in scaffolds with lower wt/vol
percentage of PLLA in Dioxane).
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5. CONCLUSION AND FUTURE WORK
An attempt was made to relate the processing parameters, namely the imposed cooling
rate and wt/vol of PLLA in Dioxane and a mixture of Dioxane and Ethanol on the structural
properties of the PLLA scaffolds. The data reveals that, in case of both the solvents i) the
percentage of void fraction or porosity in the scaffolds decreases as the (wt/vol) percentage of
PLLA in dioxane is increased, irrespective of the imposed cooling rate; ii) the pore size
decreases as the wt/vol percentage of PLLA in dioxane increases and iii) the Compressive
Moduli increases as the cooling rate is increased irrespective of the percentage of PLLA in
dioxane. However the compressive strength is found to be low when Dioxane/Ethanol is used as
a solvent.
Future experiments will include investigating the potential of newer materials like
Chloroform to make scaffolds and loading the adult stem cells on to the scaffold to study their
osteogenic potential
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